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Abstract	  
The	  Thai	  government’s	  implementation	  of	  its	  10	  year	  renewable	  energy	  plan	  was	  done	  to	  help	  
increase	  energy	  independence	  and	  reduce	  emissions	  resulting	  from	  energy	  production.	  	  Due	  to	  
Thailand’s	  wind	  regime,	  wind	  turbines	  which	  can	  operate	  in	  low	  wind	  speeds	  will	  be	  needed	  to	  meet	  this	  
goal.	  	  Small	  wind	  turbines	  typically	  operate	  at	  higher	  efficiency	  in	  lower	  winds,	  and	  thus	  they	  might	  
prove	  to	  be	  a	  good	  option	  for	  wind	  power	  production	  in	  Thailand.	  	  Incorporating	  small	  wind	  turbines	  
into	  power	  production	  can	  be	  difficult	  because	  of	  the	  perception	  of	  high	  investment	  costs	  and	  because	  
their	  net	  benefit	  has	  not	  been	  adequately	  studied.	  	  Using	  a	  functional	  unit	  of	  producing	  50	  kWh	  per	  
month	  for	  10	  years	  we	  conducted	  a	  Life	  Cycle	  Assessment	  comparing	  the	  global	  warming	  potential	  
(GWP),	  embodied	  energy	  (EE),	  and	  levelized	  cost	  of	  electricity	  (LCOE)	  of	  four	  small	  wind	  turbines	  (≤	  20	  
kW),	  a	  diesel	  generator,	  and	  the	  Thai	  Grid.	  	  When	  analyzing	  GWP	  of	  the	  turbines	  it	  was	  found	  that	  they	  
had	  a	  lower	  overall	  GWP	  than	  the	  diesel	  generator	  when	  in	  areas	  with	  reasonable	  wind	  resources.	  	  The	  
same	  is	  true	  for	  embodied	  energy.	  	  Interestingly,	  in	  most	  available	  wind	  speed	  categories	  in	  Thailand	  the	  
LCOE	  for	  wind	  turbines	  was	  lower	  than	  for	  the	  diesel	  generator.	  	  However,	  neither	  could	  compare	  to	  the	  
LCOE	  of	  the	  Thai	  Grid,	  except	  in	  the	  areas	  with	  the	  highest	  average	  wind	  speeds	  (7.0	  -­‐9.4	  m/s).	  	  With	  this	  
in	  mind,	  it	  is	  clear	  that	  the	  most	  important	  factor	  when	  considering	  wind	  power	  generation	  is	  the	  wind	  
regime	  available	  in	  an	  area.	  	  Because	  of	  the	  increased	  cost	  relative	  to	  the	  Thai	  grid,	  implementation	  of	  
wind	  turbines	  in	  Thailand	  was	  not	  found	  to	  be	  economically	  viable.	  	  This	  could	  be	  changed	  given	  lower	  
costs	  for	  turbines	  and/or	  government	  incentives	  
Introduction	  
	   The	  Thai	  government’s	  green	  energy	  objectives	  for	  2021	  include	  an	  ambitious	  goal	  of	  
harvesting	  at	  least	  1200MW	  of	  energy	  from	  the	  wind.	  	  At	  present,	  Thailand	  receives	  less	  than	  
8MW	  of	  electricity	  from	  wind	  power	  (DEDE,	  2011).	  	  The	  majority	  of	  Thailand	  has	  low	  average	  
wind	  speeds,	  meaning	  that	  multi-­‐megawatt	  installations	  of	  large	  wind	  turbines	  like	  those	  in	  
countries	  like	  the	  United	  States	  will	  not	  be	  feasible.	  	  For	  this	  reason,	  we	  seek	  to	  investigate	  the	  
feasibility	  of	  small	  wind	  turbines	  for	  application	  in	  Thailand.	  	  We	  will	  accomplish	  this	  goal	  using	  
Life	  Cycle	  Assessment	  (LCA)	  framework	  to	  compare	  the	  embodied	  energy,	  global	  warming	  
potential	  (GWP),	  and	  economic	  viability	  of	  several	  small	  wind	  turbines.	  	  We	  will	  compare	  our	  
findings	  to	  already	  established	  practices	  of	  grid	  electricity	  use	  and	  small	  diesel	  generator	  use	  for	  
household	  electricity.	  
It	  is	  our	  belief	  that	  small	  wind	  turbines	  will	  have	  to	  be	  effectively	  utilized	  in	  Thailand	  in	  
order	  to	  meet	  the	  goal	  of	  1200MW	  of	  installed	  capacity	  by	  2021.	  	  Because	  of	  the	  relatively	  
modest	  power	  rating	  of	  small	  wind	  turbines	  (≤	  20kW)	  compared	  with	  the	  energy	  consumption	  
of	  the	  average	  urban	  household	  in	  Thailand	  (over	  800kWh	  per	  month),	  we	  have	  chosen	  to	  focus	  
on	  rural	  households	  (~69kWh	  per	  month).	  	  In	  rural	  areas	  a	  small	  wind	  turbine	  has	  the	  potential	  
to	  supply	  a	  significant	  portion	  of	  the	  electricity	  demand	  of	  the	  average	  household.	  	  Depending	  
on	  the	  wind	  resource	  available	  in	  that	  area,	  it	  is	  possible	  to	  even	  exceed	  this	  electricity	  demand.	  
	   Means	  of	  personal	  or	  small	  community	  scale	  electric	  power	  production	  are	  valuable	  
tools	  for	  ensuring	  the	  energy	  security	  of	  a	  rural	  household	  or	  community.	  	  Diesel	  generators	  
have	  been	  used	  in	  Thailand	  for	  many	  years,	  and	  are	  an	  established	  and	  reliable	  means	  of	  
electricity	  production	  in	  rural	  communities.	  	  The	  Thai	  government’s	  goal	  of	  25%	  renewable	  
energy	  production	  by	  2021	  is	  an	  ambitious	  stab	  at	  reduction	  of	  dependence	  on	  non-­‐domestic	  
energy	  sources	  as	  well	  as	  reduction	  of	  the	  environmental	  burdens	  associated	  with	  Thailand’s	  
energy	  production.	  	  	  
Personal	  or	  small	  community	  electricity	  production	  from	  clean	  energy	  sources	  like	  wind	  
and	  solar	  could	  prove	  to	  be	  valuable	  means	  to	  accomplish	  Thailand’s	  goals	  for	  renewable	  
energy	  production,	  and	  if	  implemented	  correctly	  might	  be	  able	  to	  further	  increase	  the	  energy	  
security	  of	  rural	  areas	  beyond	  the	  capabilities	  of	  diesel	  generators.	  	  We	  seek	  to	  investigate	  the	  
economic	  feasibility	  of	  this	  possibility	  with	  this	  study.	  	  In	  terms	  of	  energy	  security,	  solar	  and	  
wind	  power	  have	  an	  advantage	  over	  diesel	  electricity	  generation	  because	  they	  do	  not	  require	  
the	  input	  of	  fuel.	  	  Likewise,	  wind	  power	  has	  several	  characteristics	  that	  grant	  it	  notable	  
advantages	  over	  photovoltaic	  solar	  panels	  in	  Thailand.	  	  Firstly,	  wind	  turbines	  are	  fully	  
productive	  in	  cloudy	  conditions.	  	  This	  is	  an	  important	  feature	  during	  the	  monsoon	  seasons,	  
when	  rain	  clouds	  could	  potentially	  disrupt	  proper	  functioning	  of	  solar	  panels	  frequently.	  	  
Similarly,	  wind	  turbines	  only	  need	  to	  be	  placed	  in	  an	  area	  where	  they	  will	  receive	  the	  most	  
consistent	  wind	  possible.	  	  Solar	  panels	  must	  be	  oriented	  toward	  the	  south	  (in	  the	  northern	  
hemisphere)	  in	  areas	  with	  little	  to	  no	  shade	  from	  trees	  and	  take	  up	  a	  fairly	  large	  amount	  of	  
area.	  
The	  most	  important	  factors	  for	  determining	  the	  viability	  of	  the	  use	  of	  small	  wind	  
turbines	  as	  a	  means	  to	  accomplish	  the	  goals	  of	  energy	  security,	  clean	  power	  production,	  and	  
economic	  feasibility	  are	  the	  available	  wind	  resource	  in	  any	  particular	  region,	  the	  environmental	  
burdens	  and	  energy	  requirements	  associated	  with	  the	  turbine	  assembly’s	  life	  cycle,	  and	  the	  
cost	  of	  the	  turbine	  assembly.	  	  These	  factors	  will	  be	  addressed	  in	  detail	  throughout	  our	  report.	  
Goal	  
	   The	  goal	  of	  this	  study	  is	  to	  assess	  the	  lifecycle	  global	  warming	  impacts	  and	  embodied	  
energy	  of	  four	  small	  wind	  turbines	  with	  power	  ratings	  of	  400W,	  2.5kW,	  5kW,	  and	  20kW.	  	  Using	  
information	  published	  by	  DEDE	  regarding	  the	  average	  wind	  speed	  in	  ten	  wind	  classes	  in	  
Thailand	  we	  assess	  the	  amount	  of	  energy	  that	  could	  potentially	  be	  produced	  by	  each	  of	  the	  
turbines	  in	  various	  areas	  of	  the	  country.	  	  From	  this	  analysis	  we	  compare	  GWP	  and	  embodied	  
energy	  of	  the	  turbines	  to	  that	  of	  the	  diesel	  generator,	  in	  addition	  to	  comparing	  the	  GWP	  of	  the	  
Thai	  grid	  mix.	  	  We	  also	  compare	  the	  levelized	  cost	  of	  electricity	  (LCOE)	  from	  each	  of	  the	  
turbines,	  the	  diesel	  generator,	  and	  the	  Thai	  grid	  mix.	  	  From	  this	  comparison	  we	  assess	  the	  
feasibility	  of	  a	  rural	  household	  or	  community	  investing	  in	  any	  of	  these	  small	  wind	  turbines	  as	  
their	  primary	  means	  of	  electricity	  production.	  	  
Scope	  
	   The	  functional	  unit	  for	  our	  LCA	  is	  50kWh	  of	  electricity	  per	  month	  for	  ten	  years,	  taking	  
into	  account	  the	  efficiencies	  of	  the	  turbine/generator,	  the	  inverter,	  and	  the	  storage	  batteries.	  	  
The	  geographical	  limitations	  of	  this	  study	  are	  limited	  to	  Thailand	  because	  of	  the	  modest	  wind	  
resource	  and	  the	  current	  grid	  mix.	  	  The	  temporal	  limitations	  only	  extend	  as	  far	  as	  the	  end	  of	  our	  
functional	  unit,	  assuming	  stable	  costs	  for	  electricity	  from	  the	  Thai	  grid	  and	  for	  diesel	  fuel.	  
	   Our	  LCA	  assesses	  the	  embodied	  energy	  and	  GWP	  of	  the	  life	  cycles	  of	  the	  various	  wind	  
turbines	  from	  extraction	  of	  raw	  materials,	  through	  processing	  and	  refining,	  transportation,	  
manufacture,	  operation,	  maintenance,	  and	  finally	  disposal.	  	  Estimates	  for	  expected	  energy	  
output	  from	  the	  four	  turbines	  were	  calculated	  by	  two	  separate	  methodologies:	  the	  power	  
curve	  method	  and	  the	  swept	  area	  method.	  	  These	  expected	  outputs	  are	  then	  compared	  to	  the	  
embodied	  energy	  in	  order	  to	  determine	  the	  energy	  payback	  period,	  or	  the	  amount	  of	  time	  that	  
the	  turbine	  will	  have	  to	  operate	  while	  producing	  an	  assumed	  average	  energy	  output	  in	  order	  to	  
have	  produced	  as	  much	  energy	  as	  was	  required	  to	  produce	  the	  assembly.	  	  Similar	  calculations	  
were	  performed	  for	  the	  diesel	  generator	  system.	  	  
The	  wind	  system	  in	  this	  study	  was	  composed	  of	  a	  wind	  turbine,	  an	  inverter,	  and	  
batteries,	  and	  in	  some	  cases,	  a	  turbine	  tower.	  	  Four	  wind	  turbines	  were	  analyzed	  in	  the	  study,	  
the	  Air	  X	  400,	  the	  Wes5	  Tulipo,	  the	  Endurance	  S-­‐343,	  and	  the	  Jacobs	  31-­‐20	  with	  rated	  power	  
outputs	  of	  400W,	  2.5kW,	  5kW,	  and	  20kW,	  respectively.	  	  These	  turbines	  were	  selected	  because	  
they	  represent	  a	  range	  of	  power	  outputs	  that	  are	  still	  considered	  to	  be	  within	  the	  small	  turbine	  
range.	  	  Furthermore,	  a	  reasonable	  amount	  of	  background	  data	  was	  available	  for	  each	  turbine.	  	  	  
The	  diesel	  generator	  system	  consists	  of	  the	  generator,	  diesel	  fuel,	  and	  a	  battery	  bank.	  
The	  fuel	  tank	  was	  excluded	  because	  the	  impacts	  associated	  with	  the	  fuel	  tank	  were	  considered	  
negligible.	  Additionally,	  the	  inverter	  was	  not	  included	  because	  diesel	  generators	  generally	  
output	  alternating	  current.	  Generator	  sizing	  and	  fuel	  consumption	  were	  based	  on	  average	  data	  
of	  similarly	  sized	  generators	  that	  are	  of	  the	  correct	  size	  to	  fulfill	  the	  functional	  unit.	  
GWP	  was	  calculated	  using	  the	  Institute	  for	  Environmental	  Sciences	  (CML)	  methodology.	  	  
Embodied	  energy	  was	  calculated	  from	  “Inventory	  of	  Carbon	  and	  Energy”	  published	  by	  the	  
University	  of	  Bath	  (Hammond	  and	  Jones,	  2008).	  	  The	  cost	  of	  electricity	  in	  Thailand	  and	  the	  grid	  
mix	  were	  taken	  from	  “The	  Annual	  Report:	  Electric	  Power	  in	  Thailand	  2011”	  (DEDE,	  2011).	  	  This	  
study	  could	  be	  useful	  for	  policy	  makers	  and	  concerned	  consumers	  who	  are	  interested	  in	  
investigating	  how	  wind	  power	  can	  best	  be	  implemented	  in	  Thailand.	  	  This	  study	  is	  not	  
applicable	  to	  other	  nations	  in	  Southeast	  Asia,	  but	  our	  methodology	  could	  easily	  be	  adapted	  to	  
any	  other	  country	  interested	  in	  assessing	  wind	  turbine	  feasibility.	  
Inventory	  Assessment	  
	   Inventory	  data	  for	  the	  four	  turbines	  studied	  in	  this	  report	  were	  obtained	  from	  
previously	  conducted	  wind	  power	  LCAs	  (Fleck	  and	  Huot,	  2009;	  Kabir	  et	  al.,	  2012;	  Skarvelis-­‐
Kazakos	  et	  al.,	  2009).	  	  Tables	  1-­‐4	  in	  the	  Appendix	  display	  material	  inputs	  for	  each	  of	  the	  four	  
turbines.	  	  Turbines	  were	  assumed	  to	  have	  been	  transported	  by	  diesel	  truck	  from	  their	  place	  of	  
manufacture	  to	  the	  nearest	  large	  port.	  	  They	  were	  then	  transported	  on	  freight	  ships	  by	  way	  of	  
common	  international	  shipping	  lanes	  to	  Bangkok.	  	  From	  there,	  the	  turbines	  were	  assumed	  to	  
have	  been	  transported	  by	  diesel	  truck	  over	  a	  distance	  of	  1000km.	  	  One	  thousand	  km	  from	  
Bangkok	  represents	  the	  maximum	  possible	  distance	  that	  the	  turbines	  could	  be	  transported	  
within	  Thailand.	  	  This	  was	  used	  in	  order	  to	  determine	  the	  maximum	  possible	  impact	  from	  
transportation	  on	  the	  life	  cycle	  environmental	  burdens	  of	  wind	  turbines	  in	  Thailand.	  
Multiple	  studies	  have	  looked	  at	  Thailand’s	  average	  annual	  wind	  speed	  both	  in	  specific	  
locations,	  such	  as	  Chaing	  Mai,	  Ubonratchanthani,	  Nakhon	  Si	  Thammarat,	  and	  over	  the	  country	  
as	  a	  whole	  (Chainchana	  and	  Chaitep,	  2010;	  Unchai	  et	  al.,	  2012;	  Waewsak	  et	  al.,	  2011;	  Major	  et	  al.,	  



















Where	  Vz	  represents	  the	  actual	  wind	  speed	  recorded	  at	  height	  z	  and	  Vzr	  represents	  the	  wind	  speed	  at	  















Here,	  Vref	  is	  the	  reference	  wind	  velocity	  in	  meters	  per	  second	  and	  zref	  is	  the	  reference	  height	  in	  meters	  
above	  the	  ground.	  	  One	  study	  noted	  how	  wind	  speed	  10	  meters	  above	  the	  ground	  was	  predicted	  to	  be	  
about	  30%	  greater	  than	  at	  2.5	  meters,	  and	  about	  70%	  stronger	  at	  40	  meters	  than	  at	  2.5	  meters	  
(Chaichana	  and	  Chaitep,	  2010).	  
	  
	   To	  analyze	  the	  probability	  of	  different	  wind	  speeds	  occurring	  around	  Thailand,	  we	  used	  the	  



































This	  function	  can	  be	  used	  to	  project	  the	  frequency	  of	  wind	  velocities	  based	  on	  two	  parameters:	  the	  
shape	  parameter	  (α)	  and	  the	  scale	  parameter	  (β).	  	  The	  two	  values	  should	  be	  calculated	  using	  the	  mean	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However,	  to	  describe	  the	  wind	  regime	  in	  Thailand	  we	  decided	  to	  use	  a	  Wind	  Atlas	  of	  Thailand	  produced	  
by	  DEDE	  which	  has	  specific	  Wind	  Classes	  covering	  the	  whole	  country.	  	  Using	  these	  values	  made	  it	  
difficult	  to	  calculate	  a	  meaningful	  standard	  deviation	  and,	  to	  some	  degree,	  a	  meaningful	  mean.	  	  As	  a	  
result,	  we	  assumed	  that	  α	  was	  equal	  to	  2.	  	  When	  α	  is	  equal	  to	  2,	  a	  Rayleigh	  distribution	  is	  formed.	  	  A	  
Rayleigh	  distribution	  is	  a	  common	  probability	  distribution	  used	  for	  estimating	  wind	  resources	  (Jamil	  et	  
al.,	  1995).	  
	   Using	  a	  shape	  parameter	  of	  2,	  β	  can	  easily	  be	  calculated.	  	  A	  specific	  β	  value	  was	  found	  for	  each	  
Wind	  Class	  which	  was	  then	  used	  to	  calculate	  the	  probability	  density	  for	  each	  Turbine	  and	  for	  each	  class.	  	  
With	  both	  α	  and	  β	  values	  known,	  the	  probability	  density	  could	  be	  calculated.	  	  Below	  is	  a	  sample	  table	  
from	  the	  spreadsheet	  that	  was	  used	  when	  doing	  calculations	  for	  the	  Air	  X	  400	  turbine.	  	  The	  rest	  of	  the	  
tables	  associated	  with	  these	  calculations	  can	  be	  found	  in	  the	  Appendix.	  
	  
α β α β α β α β α β α β α β α β α β α β
2 1.41047396 2 3.44155646 2 4.287840835 2 4.739192502 2 5.359801044 2 6.036828544 2 6.54459917 2 6.99595084 2 7.56014042 2 9.252709171
m/s
P robability	  
D is tribution	  
F unc tion m/s
P robability	  
D is tribution	  
F unc tion m/s
P robability	  
D is tribution	  
F unc tion m/s
P robability	  
D is tribution	  
F unc tion m/s
P robability	  
D is tribution	  
F unc tion m/s
P robability	  
D is tribution	  
F unc tion m/s
P robability	  
D is tribution	  
F unc tion m/s
P robability	  
D is tribution	  
F unc tion m/s
P robability	  
D is tribution	  
F unc tion m/s
P robability	  
D is tribution	  
F unc tion
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 0.60813449 1 0.155186262 1 0.103022292 1 0.085169657 1 0.06723802 1 0.053394352 1 0.045616751 1 0.04003714 1 0.03438522 1 0.023089758
2 0.26923343 2 0.240925343 2 0.175023668 2 0.149040979 2 0.121141146 2 0.098349995 2 0.085062027 2 0.0753135 2 0.0652539 2 0.044589338
3 0.03271291 3 0.236940396 3 0.200023338 3 0.178943099 3 0.152684243 3 0.128611749 3 0.113534877 3 0.10199926 3 0.08968205 3 0.063089685
4 0.00129287 4 0.174948151 4 0.18225065 4 0.174702409 4 0.159554388 4 0.141514337 4 0.128555677 4 0.11787504 4 0.10579257 4 0.07751533
5 1.7529E -­‐05 5 0.102286196 5 0.139632281 5 0.146278774 5 0.14580052 5 0.138183927 5 0.13024031 5 0.12259454 5 0.11297418 5 0.087225314
6 8.3492E -­‐08 6 0.048491105 6 0.092115107 6 0.107562816 6 0.11930129 6 0.122617334 6 0.120890379 6 0.11750187 6 0.11183496 6 0.092049864
7 1.4148E -­‐10 7 0.018877254 7 0.052990557 7 0.070345409 7 0.088524048 7 0.100133125 7 0.10411769 7 0.10510834 7 0.10393088 7 0.092262184
8 8.5936E -­‐14 8 0.006080326 8 0.026783561 8 0.041226998 8 0.060018766 8 0.075825424 8 0.083834618 8 0.0884154 8 0.09136081 8 0.088496052
9 1.8803E -­‐17 9 0.001628327 9 0.011952418 9 0.021757823 9 0.037362673 9 0.053503047 9 0.063416716 9 0.0702801 9 0.07633768 9 0.081627983
10 1.4869E -­‐21 10 0.000363771 10 0.004725037 10 0.010374838 10 0.021426849 10 0.035294998 10 0.04521786 10 0.05296573 10 0.06083115 10 0.072646323
11 4.2596E -­‐26 11 6.7954E -­‐05 11 0.00165862 11 0.004480326 11 0.01134693 11 0.021819713 11 0.030462979 11 0.03793551 11 0.04633951 11 0.062528474
12 4.4284E -­‐31 12 1.06332E -­‐05 12 0.000517895 12 0.001755339 12 0.005558516 12 0.012663297 12 0.019424575 12 0.02586699 12 0.0338046 12 0.052142557
13 1.673E -­‐36 13 1.39557E -­‐06 13 0.000144035 13 0.00062476 13 0.002522187 13 0.006908505 13 0.01173884 13 0.01681406 13 0.02364704 13 0.042182741
14 2.2992E -­‐42 14 1.53791E -­‐07 14 3.57167E -­‐05 14 0.000202216 14 0.001061165 14 0.003546582 14 0.006730422 14 0.01042978 14 0.01587828 14 0.033140135
15 1.1504E -­‐48 15 1.42414E -­‐08 15 7.90337E -­‐06 15 5.95693E -­‐05 15 0.000414316 15 0.00171467 15 0.003664029 15 0.00617887 15 0.01024264 15 0.025305022
16 2.0968E -­‐55 16 1.10894E -­‐09 16 1.56162E -­‐06 16 1.59817E -­‐05 16 0.000150214 16 0.000781236 16 0.00189523 16 0.00349834 16 0.00635168 16 0.018792264
17 1.3931E -­‐62 17 7.26486E -­‐11 17 2.75674E -­‐07 17 3.90707E -­‐06 17 5.06004E -­‐05 17 0.000335622 17 0.000931936 17 0.00189395 17 0.00378852 17 0.013580199
18 3.3752E -­‐70 18 4.00598E -­‐12 18 4.34978E -­‐08 18 8.70764E -­‐07 18 1.58437E -­‐05 18 0.000136013 18 0.000435839 18 0.00098089 18 0.00217444 18 0.009553934
19 2.9832E -­‐78 19 1.86E -­‐13 19 6.13697E -­‐09 19 1.76984E -­‐07 19 4.61297E -­‐06 19 5.20154E -­‐05 19 0.00019393 19 0.00048617 19 0.0012014 19 0.006545913
20 9.6215E -­‐87 20 7.2741E -­‐15 20 7.74449E -­‐10 20 3.28164E -­‐08 20 1.2493E -­‐06 20 1.87778E -­‐05 20 8.21256E -­‐05 20 0.00023067 20 0.00063918 20 0.004369261
21 1.1327E -­‐95 21 2.39676E -­‐16 21 8.74383E -­‐11 21 5.5525E -­‐09 21 3.14794E -­‐07 21 6.40086E -­‐06 21 3.3109E -­‐05 21 0.0001048 21 0.00032755 21 0.002841928
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Table	  1.	  Air	  X	  400	  Weibull	  Probability	  Density	  Calculations	  
	  
The	  diesel	  generator	  was	  assumed	  to	  be	  60%	  steel,	  35%	  aluminum,	  and	  5%	  copper	  by	  mass	  
(Fleck	  and	  Huot,	  2009).	  Based	  on	  an	  assumed	  lifetime	  of	  10	  years,	  one	  generator	  was	  required	  to	  satisfy	  
the	  functional	  unit.	  The	  battery	  used	  in	  the	  wind	  system	  was	  also	  used	  for	  the	  diesel	  system.	  
	   Fuel	  consumption	  to	  satisfy	  the	  functional	  unit	  was	  calculated	  based	  on	  the	  average	  fuel	  
consumption	  of	  various	  similarly	  sized	  generators	  (See	  Appenidix).	  Emissions	  and	  embodied	  energy	  from	  
the	  production	  and	  combustion	  of	  diesel	  are	  shown	  in	  Table	  2	  (Fleck	  and	  Huot,	  2009).	  Transport	  of	  
diesel	  fuel	  was	  omitted	  from	  the	  study	  because	  it	  is	  assumed	  to	  be	  negligible	  compared	  to	  production	  
and	  combustion.	  
Process	   GWP100	  (kg	  CO2-­‐eq./L)	   EE	  (MJ/L)	  
Production	   0.29	   3.636	  
Combustion	   2.86	   38.592	  
TOTAL	   3.15	   42.228	  
Table	  2.	  GWP100	  and	  EE	  from	  the	  production	  and	  combustion	  of	  diesel	  fuel	  
The	  functional	  unit	  requires	  that	  the	  energy	  system	  produces	  600kWh	  of	  usable	  electricity	  per	  
year.	  Assuming	  an	  average	  home	  inverter	  efficiency	  of	  92%	  and	  an	  overall	  battery	  efficiency	  of	  75%,	  the	  
overall	  energy	  output	  requirements	  to	  achieve	  600	  kWh	  of	  usable	  electricity	  from	  the	  wind	  and	  diesel	  
systems	  were	  calculated.	  Because	  diesel	  generators	  dispense	  AC	  power,	  inverter	  efficiency	  was	  not	  
included	  in	  the	  calculation	  for	  the	  diesel	  generator’s	  overall	  energy	  requirement.	  	  The	  equation	  below	  
was	  used	  to	  calculate	  the	  overall	  energy	  requirement.	  
	  
	  
The	  specific	  battery	  model	  selected	  is	  a	  DC50-­‐12A	  by	  Fullriver	  Battery	  Company	  of	  Guangzhou	  
China.	  The	  cheap	  creation	  of	  batteries	  in	  this	  location	  due	  to	  readily	  available	  materials	  and	  labor	  
coupled	  with	  cheap	  shipping	  costs	  from	  China	  to	  Thailand	  made	  this	  battery	  a	  viable	  option	  for	  use	  in	  
the	  study.	  The	  battery	  weighs	  18.5	  kilograms	  and	  the	  standard	  materials	  based	  on	  cut	  off	  of	  5%	  mass	  are	  
lead	  (11.1	  kilograms),	  sulfuric	  acid	  (1.85	  kilograms),	  and	  polypropylene	  (1.85	  kilograms).	  	  The	  battery	  
selected	  for	  the	  wind	  energy	  systems	  and	  diesel	  generator	  system	  is	  a	  twelve-­‐volt	  Deep	  Cycle	  battery.	  
The	  particular	  Deep	  Cycle	  model	  selected	  is	  an	  absorbed	  glass	  mat	  (AGM)	  type.	  This	  specific	  battery	  type	  
was	  chosen	  due	  to	  its	  ability	  to	  prevent	  battery	  acid	  leaks.	  	  The	  Deep	  Cycle	  style	  of	  battery	  has	  thicker	  
lead	  plates	  and	  can	  withstand	  a	  greater	  discharge	  depth	  than	  a	  standard	  lead-­‐acid	  battery.	  
Battery	  bank	  sizing	  has	  an	  impact	  on	  embodied	  energy	  and	  emissions	  associated	  with	  the	  wind	  
and	  diesel	  generator	  systems.	  Consequently,	  the	  battery	  bank	  size	  was	  determined	  based	  on	  the	  
method	  used	  in	  Fleck	  and	  Huot	  (Fleck	  and	  Huot,	  2009).	  This	  method	  requires	  that	  the	  batteries	  be	  able	  
to	  provide	  three	  days’	  worth	  of	  energy	  before	  dropping	  below	  a	  state	  of	  50%	  charge.	  The	  resultant	  
calculation	  yielded	  a	  battery	  bank	  size	  of	  14.26	  kWhstorage	  for	  the	  wind	  system	  and	  13.11	  kWhstorage	  for	  
the	  diesel	  system.	  The	  capacity	  of	  the	  batteries	  used	  in	  this	  study	  was	  determined	  from	  the	  
manufacturer	  specifications	  (Fullriver.com).	  The	  manufacturer’s	  specifications	  listed	  capacity	  in	  amp-­‐
hours	  (AH),	  so	  this	  had	  to	  be	  converted	  to	  kWh.	  The	  resultant	  storage	  capacity	  per	  battery	  was	  
determined	  to	  be	  22.90	  kWhstorage.	  	  The	  functional	  unit	  requires	  10	  years	  of	  operation.	  As	  a	  result,	  one	  
battery	  bank	  is	  used	  for	  all	  calculations	  based	  on	  a	  battery	  lifetime	  of	  10	  years	  (Fleck	  and	  Huot,	  2009).	  
	   The	  inverter	  used	  is	  a	  2500	  watt	  (2.5	  kW)	  standard	  inverter.	  This	  size	  is	  appropriate	  for	  the	  given	  
turbines	  used	  in	  the	  study.	  Information	  for	  this	  generic	  inverter	  was	  collected	  from	  the	  Ecoinvent	  
database.	  It	  weighs	  approximately	  18.5	  kilograms	  and	  is	  primarily	  composed	  of	  steel,	  copper	  and	  
aluminum	  (aluminium).	  	  	  The	  inverter,	  like	  the	  battery,	  is	  assumed	  to	  have	  been	  produced	  in	  China	  in	  the	  
Guangzhou	  region.	  After	  production	  it	  is	  shipped	  to	  a	  final	  location	  in	  Thailand	  where	  it	  is	  sold	  and	  
distributed	  to	  appropriate	  consumers	  with	  need	  for	  the	  product.	  	  The	  combination	  of	  the	  inverter	  and	  
battery	  with	  the	  wind	  energy	  system	  allows	  for	  the	  conversion	  of	  direct	  current	  to	  alternating	  current	  to	  











With	  the	  probability	  density	  values	  calculated,	  a	  technique	  called	  the	  Power	  Curve	  Method	  was	  
used	  to	  calculate	  the	  wind	  energy	  potential	  for	  wind	  class	  for	  each	  turbine.	  	  This	  technique	  of	  estimating	  
power	  output	  potential	  was	  derived	  from	  the	  book	  Wind	  Power	  by	  Paul	  Gipe	  (Gipe,	  2004).	  	  Using	  the	  
power	  curve	  of	  a	  specific	  turbine	  provided	  by	  the	  manufacturer	  and	  a	  wind	  distribution,	  such	  as	  the	  
probability	  density	  function	  previously	  calculated,	  the	  energy	  production	  potential	  can	  be	  calculated.	  	  
Gipe	  notes	  that	  the	  power	  curves	  supplied	  by	  manufacturers	  of	  small	  wind	  turbines	  are	  often	  less	  
accurate	  than	  the	  power	  curves	  supplied	  by	  manufacturers	  of	  large	  wind	  turbines	  because	  requirements	  
are	  often	  less	  strict.	  	  This	  should	  be	  considered	  when	  analyzing	  the	  energy	  production	  potentials	  of	  the	  
different	  turbines	  when	  using	  the	  power	  curve	  method.	  	  A	  sample	  of	  the	  outputs	  from	  the	  spreadsheets	  
used	  to	  calculate	  the	  energy	  potential	  of	  the	  Air	  X	  400	  can	  be	  seen	  in	  the	  table	  below.	  	  The	  rest	  of	  the	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# 2	  (W )
Ins t.	  
P ower	  





E nergy	  # 1	  
(kWh /yr)
E nergy	  # 2	  
(kWh/yr)
E nergy	  # 3	  
(kWh/yr)
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 2.237 0 0 0 0.6081345 5327.3 0 0 0 1 2.237 0 0 0 0.1551863 1359.4 0 0 0
2 4.474 0 0 0 0.2692334 2358.5 0 0 0 2 4.474 0 0 0 0.2409253 2110.5 0 0 0
3 6.711 0 8 10 0.0327129 286.57 0 2.2925206 2.8656508 3 6.711 0 8 10 0.2369404 2075.6 0 16.604783 20.755979
4 8.948 10 15 20 0.0012929 11.326 0.1132558 0.1698837 0.2265116 4 8.948 10 15 20 0.1749482 1532.5 15.325458 22.988187 30.650916
5 11.18 21 25 25 1.753E -­‐05 0.1536 0.0032247 0.0038389 0.0038389 5 11.18 21 25 25 0.1022862 896.03 18.816569 22.400677 22.400677
6 13.42 34 40 35 8.349E -­‐08 0.0007 2.487E -­‐05 2.926E -­‐05 2.56E -­‐05 6 13.42 34 40 35 0.0484911 424.78 14.442591 16.991283 14.867373
7 15.66 57 50 50 1.415E -­‐10 1E -­‐06 7.064E -­‐08 6.197E -­‐08 6.197E -­‐08 7 15.66 57 50 50 0.0188773 165.36 9.4257904 8.2682372 8.2682372
8 17.9 92 75 60 8.594E -­‐14 8E -­‐10 6.926E -­‐11 5.646E -­‐11 4.517E -­‐11 8 17.9 92 75 60 0.0060803 53.264 4.9002562 3.9947741 3.1958193
9 20.13 143 105 145 1.88E -­‐17 2E -­‐13 2.355E -­‐14 1.729E -­‐14 2.388E -­‐14 9 20.13 143 105 145 0.0016283 14.264 2.0397727 1.4977352 2.0683009
10 22.37 178 180 193 1.487E -­‐21 1E -­‐17 2.318E -­‐18 2.345E -­‐18 2.514E -­‐18 10 22.37 178 180 193 0.0003638 3.1866 0.5672201 0.5735934 0.6150195
11 24.61 264 270 240 4.26E -­‐26 4E -­‐22 9.851E -­‐23 1.007E -­‐22 8.955E -­‐23 11 24.61 264 270 240 6.795E -­‐05 0.5953 0.157153 0.1607247 0.1428664
12 26.84 322 355 330 4.428E -­‐31 4E -­‐27 1.249E -­‐27 1.377E -­‐27 1.28E -­‐27 12 26.84 322 355 330 1.063E -­‐05 0.0931 0.0299933 0.0330671 0.0307385
13 29.08 391 345 400 1.673E -­‐36 1E -­‐32 5.73E -­‐33 5.056E -­‐33 5.862E -­‐33 13 29.08 391 345 400 1.396E -­‐06 0.0122 0.0047801 0.0042177 0.0048901
14 31.32 276 310 10 2.299E -­‐42 2E -­‐38 5.559E -­‐39 6.244E -­‐39 2.014E -­‐40 14 31.32 276 310 10 1.538E -­‐07 0.0013 0.0003718 0.0004176 1.347E -­‐05
15 33.55 173 310 10 1.15E -­‐48 1E -­‐44 1.743E -­‐45 3.124E -­‐45 1.008E -­‐46 15 33.55 173 310 10 1.424E -­‐08 0.0001 2.158E -­‐05 3.867E -­‐05 1.248E -­‐06
16 35.79 92 305 15 2.097E -­‐55 2E -­‐51 1.69E -­‐52 5.602E -­‐52 2.755E -­‐53 16 35.79 92 305 15 1.109E -­‐09 1E -­‐05 8.937E -­‐07 2.963E -­‐06 1.457E -­‐07
17 38.03 92 275 20 1.393E -­‐62 1E -­‐58 1.123E -­‐59 3.356E -­‐59 2.441E -­‐60 17 38.03 92 275 20 7.265E -­‐11 6E -­‐07 5.855E -­‐08 1.75E -­‐07 1.273E -­‐08
18 40.26 92 250 3.375E -­‐70 3E -­‐66 2.72E -­‐67 7.392E -­‐67 0 18 40.26 92 250 4.006E -­‐12 4E -­‐08 3.228E -­‐09 8.773E -­‐09 0
19 42.5 92 250 2.983E -­‐78 3E -­‐74 2.404E -­‐75 6.533E -­‐75 0 19 42.5 92 250 1.86E -­‐13 2E -­‐09 1.499E -­‐10 4.073E -­‐10 0
20 44.74 92 250 9.622E -­‐87 8E -­‐83 7.754E -­‐84 2.107E -­‐83 0 20 44.74 92 250 7.274E -­‐15 6E -­‐11 5.862E -­‐12 1.593E -­‐11 0
21 46.98 240 1.133E -­‐95 1E -­‐91 0 2.381E -­‐92 0 21 46.98 240 2.397E -­‐16 2E -­‐12 0 5.039E -­‐13 0
T o tal: 0.1165054 2.4662726 3.096027 T o tal: 65.709977 93.517739 103.00083
Air	  X	  400	  Annual	  Energy	  Output:	  Wind	  Class	  1.1 Air	  X	  400	  Annual	  Energy	  Output:	  Wind	  Class	  1.2
	  
Table	  3.	  Air	  X	  400	  Annual	  Energy	  Output	  
	  
Because	  of	  the	  noted	  unreliability	  of	  manufacturer-­‐published	  power	  curves,	  an	  alternative	  
method	  of	  energy	  potential	  calculation	  was	  also	  used.	  	  This	  method	  was	  also	  taken	  from	  Gipe,	  and	  
calculates	  the	  energy	  potential	  as	  a	  function	  of	  the	  average	  power	  in	  a	  cross	  section	  of	  the	  wind,	  the	  
area	  swept	  by	  the	  turbine	  rotors,	  and	  the	  overall	  efficiency	  of	  the	  turbine	  at	  converting	  energy	  in	  the	  
wind	  into	  electricity.	  	  Apart	  from	  the	  actual	  velocity	  of	  the	  wind,	  and	  thus	  the	  power	  available	  in	  it,	  the	  
swept	  area	  of	  a	  turbine	  is	  the	  most	  important	  factor	  for	  determining	  the	  energy	  potential	  from	  that	  
turbine	  (Gipe,	  2004).	  	  The	  power	  per	  unit	  area	  of	  the	  wind,	  or	  power	  density,	  is	  obtained	  from	  the	  
following	  equation	  
	  





Where	  ρ	  is	  the	  density	  of	  the	  air	  and	  V	  is	  the	  average	  velocity	  of	  the	  wind.	  	  By	  multiplying	  by	  the	  number	  
of	  hours	  in	  a	  year,	  it	  is	  possible	  to	  determine	  the	  annual	  energy	  output	  (AEO)	  of	  the	  turbine.	  	  AEO	  is	  thus	  













where	  A	  is	  the	  circular	  area	  swept	  by	  the	  turbine	  rotors	  and	  the	  %	  efficiency	  is	  the	  average	  percent	  of	  
the	  energy	  in	  the	  wind	  that	  the	  turbine	  is	  assumed	  to	  be	  able	  to	  capture	  over	  the	  period	  of	  interest.	  	  
According	  to	  Gipe,	  typical	  efficiencies	  for	  small	  wind	  turbines	  are	  below	  25%,	  with	  larger	  turbines	  usually	  
achieving	  higher	  efficiencies	  than	  smaller	  turbines	  in	  the	  same	  conditions	  (Gipe,	  2004).	  	  Because	  of	  lack	  
of	  available	  data	  regarding	  the	  actual	  functional	  efficiencies	  of	  the	  turbines	  included	  in	  this	  study,	  
efficiencies	  for	  all	  of	  the	  turbines	  were	  assumed	  to	  be	  20%.	  	  This	  was	  meant	  to	  represent	  a	  near-­‐best-­‐
case	  scenario.	  	  The	  following	  table	  shows	  the	  results	  of	  AEO	  calculations	  for	  all	  four	  turbines	  in	  each	  of	  
the	  ten	  wind	  classes.	  
	  
	   	   AEO	  for	  various	  Wind	  Classes	  (assumed	  20%	  efficiency)	  (kWh)	  
Turbine	   swept	  area	  (m2)	   1.1	   1.2	   1.3	   1.4	   2	   3	   4	   5	   6	   7	  
Jacob's	  31-­‐20	   70.9	   427	   4730	   7890	   11100	   15500	   21400	   27500	   33200	   41800	   76800	  
Endurance	  s-­‐343	   31.9	   180	   2000	   3350	   4720	   6610	   9170	   11800	   14300	   18000	   33100	  
WES5	  Tulipo	   19.6	   48.5	   688	   1320	   1770	   2540	   3620	   4590	   5580	   7010	   12700	  
Air	  X	   1.08	   2.22	   32.3	   62.3	   84.1	   122	   174	   222	   271	   341	   626	  
Table	  4.	  AEO	  from	  swept	  area	  
	  
It	  should	  be	  noted	  that	  in	  some	  cases,	  the	  AEO	  values	  presented	  in	  Table	  4	  for	  the	  lower	  wind	  classes	  
are	  not	  actually	  possible	  because	  the	  average	  wind	  speed	  is	  below	  the	  cut-­‐in	  wind	  speed	  of	  the	  turbine.	  	  
While	  the	  rotors	  may	  turn	  slowly	  at	  these	  wind	  speeds,	  there	  would	  not	  be	  any	  power	  produced	  by	  the	  






Economic	  assessment,	  as	  well	  as	  environmental	  assessment,	  is	  vital	  in	  determining	  the	  
feasibility	  of	  an	  energy	  technology.	  	  Levelized	  cost	  of	  electricity	  (LCOE)	  was	  used	  as	  a	  comparison	  
method	  between	  the	  wind	  turbine	  system,	  diesel	  generator	  system,	  and	  Thai	  electricity	  grid	  introduced	  
above.	  The	  LCOE	  takes	  into	  account	  the	  life	  cycle	  costs	  of	  an	  energy	  technology	  project,	  ranging	  from	  
initial	  cost	  to	  residual	  value,	  and	  compares	  it	  to	  the	  lifetime	  energy	  production	  of	  that	  project.	  The	  LCOE	  
is	  the	  “break-­‐even”	  value	  that	  an	  electricity	  producer	  must	  charge	  to	  validate	  investment	  in	  a	  project	  
(Stanford).	  Similarly,	  for	  this	  study	  it	  is	  the	  value	  that	  the	  independent	  investor	  “pays”	  to	  produce	  
electricity	  from	  a	  project.	  The	  end	  result	  of	  an	  LCOE	  calculation	  is	  a	  price	  of	  electricity	  per	  kWh.	  A	  simple	  
















































I	  =	  initial	  investment	  
r	  =	  discount	  rate	  
α	  =	  corporate	  tax	  rate	  
dt	  =	  depreciation	  schedule	  in	  year	  t	  
at	  =	  annual	  cost	  in	  year	  t	  
xt	  =	  system	  degradation	  in	  year	  t	  
R	  =	  residual	  value	  of	  any	  physical	  assets	  at	  the	  end	  of	  life-­‐cycle	  
E	  =	  annual	  energy	  requirement	  
T	  =	  project	  lifetime	  
	  
To	  simplify	  the	  LCOE	  calculation,	  to	  be	  similar	  to	  that	  calculated	  by	  the	  National	  Renewable	  Energy	  
Laboratory	  (NREL),	  corporate	  tax	  rate,	  depreciation,	  residual	  value,	  and	  system	  degradation	  were	  
excluded	  (NREL).	  The	  following	  equation	  is	  the	  modified	  equation	  used	  for	  calculating	  LCOE.	  
Additionally,	  Table	  5	  shows	  the	  values	  used	  to	  calculate	  the	  LCOE	  for	  wind	  and	  diesel	  systems,	  





























System	   Wind	   Diesel	  
I	   See	  Appendix	  1	   See	  Appendix	  2	  
r	   2%	   2%	  
at	   0	   Price	  of	  diesel	  –	  see	  Appendix	  2	  
E	   869.57	  kWh	   800	  kWh	  
T	   10	  years	   10	  years	  
Table	  5.	  Values	  used	  to	  calculate	  LCOE	  for	  the	  wind	  and	  diesel	  systems.	  
A	  discount	  rate	  of	  2%	  was	  selected	  because	  it	  is	  the	  risk-­‐free	  rate	  of	  return.	  Therefore,	  economic	  
results	  for	  the	  energy	  system	  are	  considered	  safe	  investments.	  The	  risk-­‐free	  rate	  is	  taken	  to	  be	  the	  rate	  
of	  return	  on	  government	  bonds	  for	  the	  lifetime	  period	  (Money	  Terms).	  The	  AEO	  for	  each	  system	  was	  
determined	  as	  above.	  
Results	  &	  Discussion	  
Impact	  Assessment	  
	   In	  most	  cases,	  the	  turbines	  chosen	  for	  this	  study	  more	  than	  satisfy	  the	  requirements	  of	  our	  
functional	  unit.	  	  Because	  of	  this	  and	  the	  fact	  that	  wind	  turbines	  can	  generally	  be	  expected	  to	  last	  
significantly	  longer	  than	  our	  functional	  unit,	  only	  a	  fraction	  of	  each	  turbine	  is	  required.	  	  The	  calculated	  
embodied	  energies	  per	  functional	  unit	  for	  all	  of	  the	  turbines	  in	  all	  of	  the	  wind	  classes	  that	  are	  viable	  for	  
turbine	  utilization	  were	  significantly	  lower	  than	  the	  embodied	  energy	  of	  the	  diesel	  generator	  per	  
functional	  unit.	  	  	  
Results	  from	  analysis	  of	  the	  Air	  X	  and	  WES5	  Tulipo	  showed	  lower	  values	  for	  GWP	  and	  embodied	  
energy	  from	  the	  power	  curve	  method	  than	  from	  the	  swept	  area	  method.	  	  If	  the	  published	  power	  curves	  
are	  taken	  to	  be	  accurate	  in	  a	  real-­‐world	  setting,	  these	  results	  suggest	  that	  these	  turbines	  are	  capable	  of	  
capturing	  more	  than	  20%	  of	  the	  power	  in	  the	  wind.	  	  This	  is	  surprising	  because	  the	  values	  shown	  below	  in	  
Table	  6	  for	  GWP	  include	  the	  impact	  of	  the	  inverter	  and	  battery	  (in)efficiencies.	  	  Similar	  tables	  for	  
embodied	  energy	  and	  energy	  payback	  period	  appear	  in	  the	  Appendix.	  	  Cells	  that	  are	  highlighted	  in	  red	  
denote	  values	  which	  are	  likely	  inaccurate	  because	  of	  the	  low	  average	  wind	  speed	  relative	  to	  the	  cut-­‐in	  
wind	  speed	  of	  the	  turbine.	  	  This	  is	  not	  an	  issue	  when	  assessing	  power	  output	  from	  the	  power	  curve	  
method	  because	  it	  implicitly	  includes	  the	  probability	  distribution	  of	  wind	  speeds	  with	  a	  given	  average.	  	  
Gipe	  suggests	  that	  smaller	  wind	  turbines	  are	  not	  actually	  capable	  of	  returning	  this	  level	  of	  efficiency	  
consistently	  (Gipe,	  2004).	  
Wind	  Turbine	  
(Power	  Rating)	   Air	  X	  400	  (400W)	   Wes5	  Tulipo	  (2.5kW)	  
Endurance	  S-­‐343	  



















Wind	  Class	   GWP100	  (kg	  CO2-­‐eq.)	  
1.1	   4.72E+03	   4.04E+03	   2.38E+05	   9.81E+03	   2.72E+05	   1.82E+04	   7.33E+04	   2.86E+04	  
1.2	   2.04E+02	   3.74E+02	   5.66E+02	   7.88E+02	   9.37E+02	   1.73E+03	   1.20E+03	   2.67E+03	  
1.3	   1.58E+02	   2.44E+02	   2.31E+02	   4.60E+02	   5.57E+02	   1.07E+03	   7.32E+02	   1.64E+03	  
1.4	   1.44E+02	   2.07E+02	   1.96E+02	   3.69E+02	   4.27E+02	   7.93E+02	   5.58E+02	   1.20E+03	  
2	   1.32E+02	   1.75E+02	   1.74E+02	   2.89E+02	   3.48E+02	   5.96E+02	   4.53E+02	   8.87E+02	  
3	   1.24E+02	   1.54E+02	   1.61E+02	   2.34E+02	   3.00E+02	   4.58E+02	   3.89E+02	   6.71E+02	  
4	   1.20E+02	   1.43E+02	   1.53E+02	   2.06E+02	   2.75E+02	   3.79E+02	   3.57E+02	   5.45E+02	  
5	   1.18E+02	   1.36E+02	   1.49E+02	   1.88E+02	   2.61E+02	   3.31E+02	   3.40E+02	   4.70E+02	  
6	   1.16E+02	   1.29E+02	   1.45E+02	   1.71E+02	   2.48E+02	   2.84E+02	   3.26E+02	   3.94E+02	  
7	   1.13E+02	   1.18E+02	   1.39E+02	   1.41E+02	   2.32E+02	   2.02E+02	   3.16E+02	   2.62E+02	  
Table	  6.	  GWP	  per	  functional	  unit	  using	  both	  power	  curve	  and	  swept	  area	  methods	  
The	  following	  two	  tables	  display	  the	  GWP	  per	  functional	  unit	  resulting	  from	  the	  use	  of	  the	  diesel	  






GWP100	  (kg	  CO2-­‐eq.)	  
1.57E+04	   9.54E+03	  
Table	  7.	  GWP	  per	  functional	  unit	  for	  diesel	  generator.	  
Thai	  Grid	  
Inside	  MEA	   Outside	  MEA	  
GWP100	  (kg	  CO2-­‐eq.)	  
6.36E+03	  
Table	  8.	  GWP	  per	  functional	  unit	  for	  Thai	  grid	  mix	  
	   As	  can	  be	  seen	  in	  Table	  8,	  in	  most	  cases	  the	  GWP	  per	  functional	  unit	  is	  again	  significantly	  lower	  
for	  small	  wind	  turbines	  than	  for	  the	  use	  of	  the	  Thai	  grid,	  which	  has	  a	  significantly	  lower	  GWP	  than	  the	  
use	  of	  a	  diesel	  generator	  as	  well.	  	  This	  suggests	  that	  wind	  turbines	  would	  be	  a	  good	  option	  for	  
alternative	  energy	  development	  in	  Thailand	  from	  and	  environmental	  perspective.	  	  One	  trend	  that	  holds	  
across	  both	  impact	  categories	  is	  that	  the	  larger	  turbines	  have	  much	  smaller	  differences	  with	  the	  
generator	  and	  Thai	  grid	  than	  do	  the	  smaller	  turbines.	  	  This	  can	  be	  seen	  when	  comparing	  Table	  6	  to	  Table	  
8,	  as	  the	  Jacob’s	  turbine	  has	  a	  GWP	  that	  is	  on	  the	  same	  order	  of	  magnitude	  as	  that	  of	  the	  Thai	  grid	  in	  the	  
more	  common	  wind	  classes	  (1.1-­‐1.3).	  	  This	  trend	  is	  likely	  an	  artifice	  of	  our	  chosen	  functional	  unit,	  as	  
these	  turbines	  have	  the	  potential	  to	  produce	  many	  times	  the	  energy	  required	  to	  satisfy	  our	  functional	  
unit	  over	  the	  course	  of	  their	  lifetime.	  	  Table	  9	  contains	  information	  regarding	  calculated	  embodied	  
energies	  of	  the	  four	  turbines,	  and	  Table	  10	  contains	  calculated	  EPPs	  for	  each	  of	  the	  turbines.	  
Wind	  Turbine	  
(Power	  Rating)	   Air	  X	  400	  (400W)	   Wes5	  Tulipo	  (2.5kW)	  
Endurance	  S-­‐343	  



















Wind	  Class	   EE	  (MJ)	  
1.1	   5.59E+04	   4.77E+04	   3.48E+06	   1.43E+05	   5.99E+06	   3.99E+05	   1.53E+06	   5.95E+05	  
1.2	   1.81E+03	   3.85E+03	   7.38E+03	   1.06E+04	   1.89E+04	   3.64E+04	   2.35E+04	   5.43E+04	  
1.3	   1.26E+03	   2.29E+03	   2.48E+03	   5.83E+03	   1.06E+04	   2.20E+04	   1.37E+04	   3.28E+04	  
1.4	   1.10E+03	   1.86E+03	   1.97E+03	   4.50E+03	   7.68E+03	   1.58E+04	   1.01E+04	   2.35E+04	  
2	   9.55E+02	   1.47E+03	   1.65E+03	   3.33E+03	   5.96E+03	   1.14E+04	   7.91E+03	   1.70E+04	  
3	   8.60E+02	   1.22E+03	   1.45E+03	   2.52E+03	   4.89E+03	   8.38E+03	   6.58E+03	   1.25E+04	  
4	   8.15E+02	   1.09E+03	   1.34E+03	   2.11E+03	   4.33E+03	   6.64E+03	   5.91E+03	   9.84E+03	  
5	   7.87E+02	   1.00E+03	   1.28E+03	   1.85E+03	   4.02E+03	   5.58E+03	   5.56E+03	   8.26E+03	  
6	   7.62E+02	   9.22E+02	   1.22E+03	   1.60E+03	   3.74E+03	   4.54E+03	   5.27E+03	   6.69E+03	  
7	   7.24E+02	   7.82E+02	   1.14E+03	   1.16E+03	   3.39E+03	   2.73E+03	   5.06E+03	   3.92E+03	  
Table	  9.	  Calculated	  embodied	  energies	  including	  credits	  from	  disposal	  in	  various	  wind	  classes	  
Wind	  Turbine	  





























Wind	  Class	   EPP	  (yr)	  
1.1	   8197.55	   5971.38	  
487250
.82	   816.52	  
138797
.03	   615.62	  
2560.7
6	   386.98	  
1.2	   5.76	   33.13	   2.02	   4.29	   1.35	   5.06	   0.59	   3.19	  
1.3	   2.16	   10.23	   0.19	   1.23	   0.41	   1.82	   0.20	   1.15	  
1.4	   1.41	   6.14	   0.11	   0.71	   0.21	   0.93	   0.11	   0.59	  
2	   0.86	   3.35	   0.07	   0.36	   0.12	   0.48	   0.06	   0.30	  
3	   0.56	   1.94	   0.05	   0.19	   0.08	   0.25	   0.04	   0.16	  
4	   0.43	   1.36	   0.04	   0.13	   0.06	   0.16	   0.03	   0.10	  
5	   0.36	   1.03	   0.03	   0.09	   0.05	   0.11	   0.03	   0.07	  
6	   0.30	   0.75	   0.03	   0.06	   0.05	   0.07	   0.03	   0.04	  
7	   0.21	   0.35	   0.02	   0.03	   0.04	   0.02	   0.02	   0.01	  
Table	  10.	  	  Energy	  payback	  period	  for	  wind	  turbines	  in	  various	  wind	  classes	  
As	  mentioned	  previously,	  the	  embodied	  energies	  of	  the	  wind	  turbines	  per	  functional	  unit	  seen	  in	  Table	  9	  
are	  lower	  than	  that	  of	  the	  diesel	  generator	  system	  in	  the	  majority	  of	  possible	  turbine	  applications,	  but	  
as	  with	  GWP,	  the	  embodied	  energy	  is	  much	  higher	  in	  the	  most	  common,	  lightest	  wind	  classes.	  	  Table	  10	  
shows	  that	  in	  all	  but	  the	  lowest	  wind	  class,	  all	  technically	  feasible	  turbine	  applications	  would	  pay	  back	  
the	  embodied	  energy	  of	  the	  turbines	  multiple	  times	  over	  the	  course	  of	  our	  functional	  unit.	  	  This	  is	  yet	  




	   Results	  from	  LCOE	  calculations	  show	  that	  there	  is	  a	  substantial	  difference	  in	  the	  cost	  of	  using	  a	  
diesel	  generator	  as	  the	  primary	  means	  of	  electricity	  production	  and	  the	  cost	  of	  relying	  upon	  the	  Thai	  
grid.	  	  The	  LCOE	  of	  the	  turbines	  analyzed	  for	  this	  study	  were	  highly	  dependent	  on	  the	  wind	  class	  in	  which	  
the	  turbines	  were	  operating.	  	  In	  most	  wind	  classes,	  the	  wind	  turbines	  had	  a	  lower	  LCOE	  than	  that	  of	  the	  
diesel	  generator,	  especially	  if	  the	  generator	  is	  running	  at	  less	  than	  maximum	  capacity.	  	  However,	  it	  
appears	  very	  difficult	  for	  the	  turbines	  analyzed	  in	  this	  study	  to	  compete	  with	  the	  LCOE	  of	  the	  Thai	  grid.	  	  
Table	  11	  shows	  the	  LCOE	  of	  each	  of	  the	  turbines	  analyzed	  in	  this	  study	  for	  which	  adequate	  pricing	  data	  
was	  available	  (such	  data	  was	  not	  found	  for	  the	  WES5	  Tulipo,	  therefore	  it	  is	  excluded).	  	  Table	  12	  and	  
Table	  13	  display	  the	  LCOE	  of	  the	  diesel	  generator	  system	  and	  the	  Thai	  grid	  mix,	  respectively.	  
Wind	  Turbine	  (Power	  















Wind	  Class	   LCOE	  (฿/kWh)	  
1.1	   632.93	   539.92	   3745.26	   250.75	   716.63	   278.62	  
1.2	   15.27	   38.59	   13.08	   24.02	   11.43	   25.83	  
1.3	   8.98	   20.78	   7.85	   14.98	   6.88	   15.79	  
1.4	   7.13	   15.80	   6.05	   11.10	   5.19	   11.44	  
2	   5.48	   11.39	   4.97	   8.38	   4.16	   8.40	  
3	   4.39	   8.46	   4.30	   6.49	   3.54	   6.29	  
4	   3.88	   6.98	   3.95	   5.40	   3.23	   5.06	  
5	   3.56	   6.00	   3.76	   4.73	   3.06	   4.32	  
6	   3.27	   5.10	   3.58	   4.09	   2.92	   3.59	  
7	   2.84	   3.50	   3.37	   2.95	   2.83	   2.29	  







22.02	   14.75	  




Inside	  MEA	   Outside	  MEA	  
LCOE	  (฿/kWh)	  
3.5	   3.15	  
Table	  13.	  LCOE	  of	  Thai	  grid	  mix	  
Diesel	  generators	  have	  a	  fairly	  low	  cost	  of	  initial	  investment,	  but	  end	  up	  being	  more	  expensive	  per	  unit	  
energy	  than	  the	  wind	  turbines	  analyzed	  in	  this	  study	  because	  of	  the	  price	  of	  diesel	  fuel.	  	  Conversely,	  the	  
higher	  power-­‐rated	  turbines	  have	  a	  lower	  LCOE	  over	  the	  course	  of	  our	  functional	  unit	  (provided	  
adequate	  wind	  resources),	  but	  the	  initial	  investment	  costs	  are	  prohibitively	  high	  for	  people	  living	  in	  rural	  
communities	  in	  Thailand.	  
Sensitivity	  Analysis	  
	   A	  sensitivity	  analysis	  was	  performed	  to	  test	  the	  effect	  of	  varying	  wind	  turbine	  efficiencies	  when	  
calculating	  the	  AEO	  using	  the	  swept	  area	  method.	  	  Gipe	  notes	  that	  small	  wind	  turbines	  can	  be	  expected	  
to	  capture	  about	  12%	  of	  the	  power	  in	  the	  wind	  in	  very	  windy	  conditions.	  	  For	  this	  reason,	  AEO	  was	  
recalculated	  for	  each	  of	  the	  turbines	  using	  efficiencies	  of	  18%,	  16%,	  14%,	  12%,	  and	  10%.	  	  This	  variation	  
in	  turbine	  efficiency	  allows	  us	  to	  demonstrate	  the	  effect	  that	  higher-­‐	  and	  lower-­‐than-­‐can-­‐be-­‐expected	  
efficiencies	  have	  on	  turbine	  viability	  for	  each	  of	  the	  ten	  wind	  classes	  (Gipe,	  2004).	  	  The	  following	  table	  
displays	  the	  results	  of	  AEO	  calculations	  for	  each	  of	  the	  four	  turbines	  in	  all	  ten	  wind	  classes	  with	  an	  
assumed	  12%	  efficiency.	  	  Similar	  tables	  for	  the	  other	  tested	  efficiency	  values	  appear	  in	  the	  Appendix.	  
	   	  
AEO	  for	  various	  Wind	  Classes	  (assumed	  12%	  efficiency)	  (kWh)	  
Turbine	   swept	  area	   1.1	   1.2	   1.3	   1.4	   2	   3	   4	   5	   6	   7	  
Jacob’s	  31-­‐20	   70.9m2	   256	   2840	   4730	   6660	   9320	   12900	   16500	   19900	   25100	   46100	  
Endurance	  s-­‐343	   31.9m2	   108	   1200	   2010	   2850	   3970	   5500	   7080	   8560	   10800	   19900	  
WES5	  Tulipo	   19.6m2	   31.1	   413	   791	   1060	   1530	   2170	   2750	   3350	   4200	   7620	  
Air	  X	   1.08m2	   1.33	   19.3	   37.4	   50.5	   73.0	   104	   133	   162	   205	   376	  
Table	  14.	  AEO	  from	  swept	  area	  with	  12%	  efficiency	  
	   From	  this	  table	  we	  can	  see	  that	  an	  assumed	  efficiency	  of	  12%	  would	  necessitate	  the	  use	  
of	  multiple	  turbines	  in	  certain	  wind	  classes,	  and	  would	  necessitate	  the	  use	  of	  multiple	  turbines	  
in	  any	  of	  the	  available	  wind	  classes	  for	  the	  Air	  X	  to	  satisfy	  our	  functional	  unit.	  	  However,	  it	  
should	  again	  be	  noted	  that	  in	  some	  cases	  the	  average	  wind	  speeds	  in	  the	  lower	  wind	  classes	  are	  
actually	  below	  the	  cut-­‐in	  wind	  speed	  of	  the	  turbines.	  	  Taking	  this	  into	  account,	  in	  most	  wind	  
classes	  where	  the	  turbines	  could	  actually	  produce	  electricity	  they	  are	  fully	  capable	  of	  producing	  
enough	  or	  more	  electricity	  to	  satisfy	  our	  functional	  unit.	  	  This	  loss	  of	  efficiency	  would	  also	  have	  
a	  significant	  effect	  on	  the	  energy	  payback	  period	  and	  LCOE,	  making	  the	  turbines	  less	  viable	  as	  
alternatives	  to	  traditional	  energy	  sources.	  	  For	  this	  reason,	  proper	  planning	  and	  placement	  of	  
the	  turbine	  is	  key,	  as	  this	  allows	  for	  the	  maximization	  of	  turbine	  efficiency.	  
Conclusion	  
	   Being	  that	  this	  paper	  is	  primarily	  a	  study	  of	  the	  feasibility	  of	  small	  wind	  turbine	  
application	  in	  rural	  Thailand,	  the	  most	  important	  factor	  for	  determining	  successful	  
implementation	  of	  the	  turbines	  we	  have	  analyzed	  is	  the	  LCOE.	  	  LCOE	  in	  turn	  is	  highly	  dependent	  
on	  the	  wind	  class	  in	  which	  the	  turbine	  will	  be	  operating.	  	  The	  most	  common	  wind	  classes	  in	  
terms	  of	  land	  area	  (see	  Appendix)	  in	  Thailand	  are	  1.1	  and	  1.2,	  which	  both	  have	  little	  to	  no	  
advantage	  over	  diesel	  generators	  in	  terms	  of	  LCOE.	  	  In	  wind	  classes	  1.3	  and	  1.4,	  the	  economic	  
advantages	  of	  wind	  power	  generation	  begin	  to	  emerge,	  but	  these	  are	  not	  pronounced	  until	  
wind	  speeds	  are	  in	  wind	  class	  2	  (between	  4.1	  and	  5	  m/s	  at	  10m	  elevation).	  	  This	  wind	  speed	  
category	  is	  only	  found	  over	  large,	  cohesive	  areas	  in	  the	  south	  of	  Thailand,	  as	  are	  the	  rest	  of	  the	  
higher	  wind	  classes.	  	  This	  means	  that	  the	  majority	  of	  rural	  Thais	  would	  not	  benefit	  economically	  
from	  the	  use	  of	  small	  wind	  turbines	  without	  more	  government-­‐driven	  incentives	  promoting	  
wind	  turbine	  implementation.	  	  This	  might	  not	  be	  the	  case	  if	  people	  do	  not	  have	  access	  to	  the	  
Thai	  grid	  and	  diesel	  prices	  increase.	  	  At	  present,	  less	  than	  1%	  of	  Thailand’s	  population	  does	  not	  
have	  access	  to	  the	  grid,	  which	  has	  a	  much	  lower	  LCOE	  in	  the	  most	  common	  wind	  classes	  for	  all	  
turbines	  analyzed.	  	  From	  the	  perspective	  of	  environmental	  impact,	  there	  are	  pronounced	  
advantages	  to	  the	  implementation	  of	  wind	  turbines	  over	  the	  use	  of	  diesel	  generators	  or	  the	  
Thai	  grid.	  	  However,	  because	  of	  the	  high	  cost	  of	  initial	  investment	  and	  the	  limited	  area	  in	  which	  
turbines	  can	  be	  effectively	  utilized	  in	  Thailand,	  it	  is	  unlikely	  that	  many	  people	  will	  make	  the	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